ABSTRACT: Two-dimensional metal−organic frameworks (2D-MOFs) have shown promise in gas storage and separation applications due to their structural isomerism in response to external stimuli such as temperature, mechanical pressure, and/or guest molecules. Here, we report the guestdependent phase transitions of a uranyl-based 2D-MOF, NU-1302, observed as single-crystal-to-single-crystal transformations. Different stacking configurations of the same structure were observed in DMF and ethanol, and after supercritical CO 2 activation. The structural isomerism upon exposure to different solvents and when solvent-free demonstrated the ability of this system to respond to guests by shifting neighboring 2D sheets, resulting in the expansion or contraction of one-dimensional channels.
■ INTRODUCTION
A unique class of scientifically intricate, architecturally striking, and artistically exquisite structures, metal−organic frameworks (MOFs) integrate the diversity and tunability of organic molecules and the structural integrity of inorganic compounds into crystalline, porous networks. MOFs are composed of inorganic nodes and organic linkers which self-assemble into chemically diverse structures with typically high surface areas. 1−4 With applications ranging from gas storage and separation, 5, 6 catalysis, 7−9 and magnetism 10, 11 to carbon dioxide capture 12, 13 and water purification, 14, 15 MOFs display a broad variety of uses. Additionally, these materials can be easily modified postsynthetically to match designed functions. 16, 17 While often encountered as rigid frameworks, MOFs have been observed to move or breathe in response to environmental stimuli such as guest molecules, 18−20 temperature, 21 ,22 mechanical pressure, 23 or electric fields, 24 demonstrating properties that are beneficial for applications such as gas storage and separations. Among these, two-dimensional (2D) MOFs have an inherent advantage and unique capability for structural isomerism due to the supramolecular interactions between sheets. The structural dynamics of 2D MOFs 25−29 have engendered properties such as luminescence 30 and magnetism. 31 A structural building block that often leads to the formation of 2D-MOFs is the uranyl [UO 2 ] 2+ ion. The uranyl ion is an approximately linear, doubly charged species consisting of uranium(VI) bound to two axial oxygen atoms. 32 Uranyl species based on U(VI) predominantly make bonds in the equatorial plane, given that the oxo bond valence limit is principally saturated. 32, 33 Thus, because the uranyl secondary building unit (SBU) is geometrically planar (Figure 1a) , the dimensionality of a uranyl-based MOF is dictated by the torsion of its organic linkers. We have previously exemplified this by coupling the same uranyl SBU to linkers with high intramolecular torsion angles to yield two three-dimensional (3D) MOFs (NU-1300 34 and NU-1301 35 ), one of which (NU-1301) is the lowest density synthetic material reported.
Further, a vast library of uranyl-based nets have been seen in the literature, 35−39 displaying various building blocks, 40−42 unique clusters, 43, 44 and structural identifiers. 45 Many of these have shown applications in selective dye adsorption 46 and photocatalysis. 47−49 While most reported uranyl-based MOFs are 2D sheets, few reports have demonstrated dynamic systems that respond to external stimuli such as pressure, 50 temperature, 51 or guest molecules. Herein, we report single-crystal-to-single-crystal phase transitions of the 2D uranium MOF NU-1302, constructed from the planar uranyl node and planar biphenyl-4,4′-dicarboxylic acid linker 52 ( Figure 1 ) which exhibits structural isomerism in response to different solvents and when solventfree. An initial crystal structure revealed that the 2D sheets were eclipsed and not completely aligned, and given the supramolecular interactions between sheets, we hypothesized that the sheets could further shift. To this end, we chose to interrogate the dynamic abilities of the system using the presence and absence of solvent guest molecules. Singlecrystal-to-single-crystal transformations allowed us to observe three structural isomers of NU-1302 in which the channels contracted as the solvent was exchanged from N,Ndimethylformamide (DMF) to ethanol, and finally removed via supercritical CO 2 activation. To the best of our knowledge, this is the first report of a supercritical CO 2 activated, solventfree, uranium MOF single-crystal structure.
■ EXPERIMENTAL SECTION
Materials and Methods. Caution! Uranyl nitrate hexahydrate contains depleted uranium; necessary precautions should be adhered to when handling this chemical.
All chemicals were purchased from the supplier and used without further purification, including uranyl nitrate hexahydrate (≥98%, International Bio-Analytical Industries, Inc.), biphenyl-4,4′-dicarboxylic acid (97%, Sigma-Aldrich), trifluoroacetic acid (99%, SigmaAldrich), N,N-dimethylformamide (≥99.8%, certified ACS, Fisher Scientific), and anhydrous ethanol (95.27%, histological grade, Fisher Scientific).
Powder X-ray diffraction (PXRD) measurements of all stacking modes were collected on a STOE STADI P diffractometer equipped with a copper Kα1 source and a 1D strip detector. 2-DMF and 2-EtOH were prepared for PXRD by drop-casting from DMF and ethanol, respectively, and dried on the benchtop until the bulk solvent evaporated. 2-SA was prepared for PXRD as a dry powder. oven. After 72 h, the vial was removed from the oven, and yellow crystals of approximately 50 μm in size ( Figure S1a ) were observed on the bottom and walls of the vial. The yellow supernatant was decanted, and the crystals were immediately washed three times for 5 min with fresh DMF. The crystals were then soaked in fresh DMF for 2 days, producing NU-1302-DMF (referred to as 2-DMF where DMF denotes N,N-dimethylformamide). Following this, the crystals were washed three times in ethanol for 30 min and allowed to soak in fresh ethanol for 2 days, resulting in NU-1302-EtOH (referred to as 2-EtOH where EtOH denotes ethanol). Finally, the material was activated with supercritical carbon dioxide (sc-CO 2 ) using a Tousimis Samdri PVT-3D critical point dryer 53 at a bleed rate of 1.0 mL/min, yielding NU-1302-SA (referred to as 2-SA where SA denotes supercritical CO 2 activation). After solvent exchange and activation, the 50 μm crystal size was maintained ( Figure S1b,c) .
Single-Crystal X-ray Diffraction. Single-crystal X-ray structure analyses were carried out using a Bruker Kappa APEX II CCD detector equipped with a Cu Kα (λ = 1.54178 Å) I μS microsource with MX optics. The single crystals were mounted on MicroMesh (MiTeGen) with paratone oil. The structures were determined by direct methods (SHELXT 2014/5) 54 and refined by full-matrix leastsquares refinement (SHELXL-2017/1) 55 using the Yadokari-XG 56 or Olex2 57 software packages. The disordered noncoordinated solvents were removed using the PLATON SQUEEZE program. 58 The refinement results are summarized in Table S1 . It is noted that "ghost" residual electron density was observed close to the heavy uranium atoms (Table S1 and Figure S2 ) in NU-1302-SA. Crystallographic data for the crystal structures in CIF format have been deposited in the Cambridge Crystallographic Data Centre (CCDC) under deposition numbers CCDC-1871257 (NU-1302-DMF), 1876935 (NU-1302-EtOH), and 1876934 (NU-1302-SA). The data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.). The spacing between the 2D sheets of 2-DMF, 2-EtOH, and 2-SA was calculated by averaging the uranium positions of each sheet into a single plane and measuring the distance Table S2. between each plane. Dihedral angles and interatomic distances were calculated in Olex2, and pore and channel diameters were calculated using Diamond.
■ RESULTS AND DISCUSSION
Single-crystal X-ray diffraction studies of 2-DMF revealed that the material crystallized with the uranyl ion coordinated equatorially to six oxygens from three different linker carboxylates with each linker coordinated to two uranyl centers, resulting in an SBU of hexagonal bipyramidal geometry. 2-DMF adopted C2/c symmetry with unit cell lengths of a = 16.7384(8) Å, b = 47.478(2) Å, and c = 10.8543(5) Å and formed 2D sheets of the (6, 3) honeycomb (hcb) topology, resembling hexagonal rings with a uranyl SBU occupying each vertex. The hcb topology is often observed in uranyl carboxylate compounds, 47, 52 as the formation of this topology is highly favored from 3-connected nodes and 2-connected linkers. Of the five edge transitive 2-periodic nets that exist, only hcb is composed of 3-connected vertices. 59 Thus, hcb is the only viable topology for these building blocks. Upon solvent exchange to ethanol, single crystal X-ray diffraction studies of 2-EtOH elucidated a stacking structure similar to 2-DMF with C2/c symmetry and hcb topology. Along the b axis, the unit cell length of 2-EtOH remained similar to that of 2-DMF; however, the cell lengths decreased by approximately 6 Å along the a axis and increased by approximately 4 Å along the c axis. Encouraged by these results which demonstrated the structural dynamism of NU-1302,we dried the crystals by employing sc-CO 2 to obtain 2-SA which crystallized in the P1 space group, indicating a more dramatic phase change. 2-SA retained the same hcb topology and nodelinker coordination observed in 2-DMF and 2-EtOH.
While the node-linker connectivity is identical in all three stacking configurations, the orientation of sheet stacking, interlayer spacing, and linker flexibility differ between isomers. For example, 2-DMF exhibits the largest distance between uranium atoms on adjacent sheets (24.9 Å), while this spacing is decreased by 14% in 2-EtOH (21.5 Å), resulting in smaller channel openings (Figure 2a,c) . 2-DMF also exhibits stacked planar sheets (Figure 2b ), while the sheets of 2-EtOH bend in a wave-like fashion (Figure 2d ). The layers of 2-DMF orient in an ABCABC stacking pattern along the b axis, while the layers of 2-EtOH exhibit an ABAB stacking pattern along the b axis. In 2-DMF and 2-EtOH, the distances between the layers are 3.4 and 2.6 Å, respectively, and are identical throughout each stacking mode ( Figure S3a and b) . Unlike 2-EtOH, the sheets of 2-SA bend dramatically to the degree where docking is observed, a phenomenon that has been previously seen in covalent organic frameworks (COFs). 60 2-SA exhibits an ABAB stacking pattern where the sheets align along the axis shown in Figure S3c . In this isomer, layer A curves upward, while layer B curves downward (Figure 2f ). Due to this concave/convex pattern of stacking, the distance between layers A and B is 2.2 Å, but the distance between layer B and the following layer A is 1.8 Å; these interlayer distances continue to alternate throughout the structure. Similarly, the distance measured between uranium atoms on sheets A and B of 2-SA is 22.4 Å (Figure 2e) ; however, this distance is reduced to 21.9 Å between layer B and the adjacent layer A. The spacing between uranium atoms on adjacent sheets continues to alternate between these two values throughout the structure. Only layers A and B of each stacking mode are shown for clarity in Figure 2 , but the stacking of multiple layers can be observed in Figure S2 .
Among the three isomers, 2-DMF exhibits the most eclipsed and therefore open alignment; 2-EtOH displays a more staggered and closed arrangement, while 2-SA features the most contracted orientation. This can be evidenced by the solvent accessible pore volume of each structural isomer which decreases from 63% to 53% to 32% for 2-DMF, 2-EtOH, and 2-SA, respectively. 2-DMF possesses uniform 1D channels along the (001) plane with diameters of 12 Å. 2-EtOH features a similar channel along the (101) plane with a diameter of 2.5 Å. Conversely, 2-SA has 3.5 Å diameter pores and no observable channels, presumably due to the extensive shifting and docking of sheets. Additionally, the uranium density of Table S2. each structure (calculated by multiplying the unit cell density by the percent uranium in each formula unit) mirrors the degree of openness: as the stacking modes become more compact, the uranium density increases from 0.367 g/cm 3 (2-DMF) to 0.470 g/cm 3 (2-EtOH) to 0.632 g/cm 3 (2-SA). Moreover, the distances between adjacent sheets corresponding to each stacking mode follow the trend of 2-DMF > 2-EtOH > 2-SA with values of 3.4 Å, 2.6 Å, and 2.2 Å/1.8 Å, respectively (Figure 2b,d,f) .
We observed slightly distorted hexagonal rings in all three structures because the biphenyl-4,4′-dicarboxylic acid linker is flexible, resulting in linker bending and a dihedral angle between linker phenyl rings. In 2-DMF, the linker adopts two unique motifs. In the first motif, the two uranyl centers bound to a single linker are separated by 15.73 Å, and the linker phenyl rings are related by a dihedral angle of 16.2°, while the second motif features a larger separation between two connected uranyl ions (15.75 Å) and a smaller dihedral angle (9.6°) (Figure 3a) . Each hexagonal ring possesses two linkers opposite each other which adopt the first motif ( Figure  3b ), while the remaining four adopt the second (Figure 3c ). 2-DMF demonstrates the least distortion among the three structural isomers with a difference in the uranyl-to-uranyl distance of only 0.02 Å between the two motifs. Two linker motifs are also present in 2-EtOH. As opposed to the inverse relationship between the uranyl-to-uranyl distance and linker dihedral angle seen in 2-DMF, the linker motif in 2-EtOH with the shorter uranyl-to-uranyl distance (15.63 Å) exhibits a smaller dihedral angle (8.3°), and the motif with the longer uranyl-to-uranyl distance (15.75 Å) displays a larger dihedral angle (10.5°) (Figure 3d ). We attribute this observation to the bowed nature of the shorter linker ( Figure 3f) ; because of the added bend, the linker is unable to twist further without disrupting the uranyl position. Similar to 2-DMF, two opposite linkers in the hexagonal ring of 2-EtOH adopt the first, nonbowed motif (Figure 3e ), while the rest adopt the second, bowed motif (Figure 3f ). Of these four bowed linkers, two bow in the positive direction and two bow in the negative direction. In 2-EtOH, linker bowing causes the isomer to distort slightly more than in 2-DMF, generating a difference between uranylto-uranyl distances of 0.12 Å.
The distortion in 2-SA, however, is the most dramatic as revealed by the presence of three structural linker motifs (Figure 3g ). The first motif exhibits insignificant bowing, a uranyl-to-uranyl distance of 15.70 Å, and a dihedral angle of 26.6° (Figure 3h ). The second displays partial bowing, a shorter uranyl-to-uranyl distance (15.48 Å), and a smaller dihedral angle (20.9°) (Figure 3i) . Finally, the third motif demonstrates the most dramatic bowing, the shortest uranylto-uranyl distance (15.42 Å), and the smallest dihedral angle (19.2°) (Figure 3j ). Of the three structures, 2-SA exhibits the largest difference in uranyl-to-uranyl distance between the linker motifs (0.28 Å). Similar to 2-EtOH, the linker motif in 2-SA with the least bowing displays the largest dihedral angle and longest uranyl-to-uranyl distance, while the linker motif with the most bowing corresponds to the smallest dihedral angle and shortest uranyl-to-uranyl distance. The degree of distortion in structures 2-DMF, 2-EtOH, and 2-SA increases in a trend similar to the extent of structure openness with 2-DMF being the least distorted and most open and 2-SA being the most distorted and most closed. The distortion of these polymorphs can be further clarified by observing the uraniumoxo bond distances (Table S3 and Figure S4 ).
The flexible nature of the sheet stacking modes upon solvent exchange from DMF to ethanol to supercritical activation with CO 2 can also be confirmed in the bulk via PXRD (Figure 4 ).
All three structural isomers retain their bulk crystallinity following solvent exchange and activation. While the powder pattern of bulk 2-DMF agrees well with the pattern simulated from the single-crystal data, full conversion from one stacking mode to another after solvent exchange was not attained. Specifically, bulk 2-EtOH exhibits a peak at a 2θ of 7.5°c haracteristic of the simulated pattern of 2-DMF. Incomplete conversion between stacking modes has also been observed in previous reports of single-crystal-to-single-crystal transformations. 25 Furthermore, the reversibility of this crystal transformation between 2-EtOH and 2-DMF was observed ( Figure  S5 ).
The two major diffraction peaks belonging to 2-DMF which correspond to the (020) plane (Figure 4 , green highlight) and the (110) plane (Figure 4 , blue highlight) were compared to the simulated pattern of 2-EtOH to demonstrate the change in unit cell parameters. Since the unit cell b axis measures 47 Å in both 2-DMF and 2-EtOH, the position of the (020) plane does not shift between the powder patterns of 2-DMF and 2-EtOH. However, due to the 6 Å decrease in the a axis from 2-DMF to 2-EtOH, the position of the peak corresponding to the (110) plane shifts to a higher angle in 2-EtOH.
The structural flexibility of 2-SA was further probed by CO 2 adsorption−desorption measurements at 195 K because a phase change, from monoclinic (2-EtOH) to triclinic (2-SA), was observed after supercritical activation. 61 An initial type I isotherm, characteristic of a microporous material, with a step at 11 mbar and a total pore volume of 0.19 cm 3 /g at 0.99 P/P 0 was observed ( Figure 5 ). This step at low pressure followed by a sharp inflection in uptake, often referred to as gate-opening, is a defining feature of flexible materials that exhibit a conversion from a narrow-pore arrangement to a wider-pore conformation while remaining crystalline throughout the adsorption process. 62−67 We hypothesize that initial CO 2 pressure induces the sheets of 2-SA to shift from their closed conformation to a more open stacking arrangement.
■ CONCLUSIONS
Single-crystal-to-single-crystal transformations of a 2D uranylbased MOF, NU-1302, have shown a dynamic system in different guest environments. Changes in the orientation of adjacent sheets with respect to one another, interlayer spacing, linker dihedral angle, and linker bowing upon solvent exchange from DMF to ethanol and subsequent activation by supercritical CO 2 , demonstrated phase transitions in response to guest molecules, a phenomenon rarely reported among 2D uranyl-based MOFs. NU-1302 exhibits an open-channel stacking in DMF (NU-1302-DMF), a slightly contracted arrangement in ethanol (NU-1302-EtOH), and a significantly constricted orientation upon supercritical CO 2 activation (NU-1302-SA). Additionally, the phase transitions were monitored with PXRD and gas sorption experiments, which demonstrated the flexibility of the activated structure. The ability of this system to alter its channel conformation in response to guest conditions shows promise for the development of materials for applications requiring dynamic systems that can respond to external stimuli.
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